Abstract: One of the main challenges in establishing a robust visible light communication (VLC) link is to prevent optical interference produced by other light sources from corrupting the signal. Previous solutions catering for this issue assume that optical interference and the signal operate in nonoverlapping frequency bands. This paper presents an innovative transceiver architecture for establishing a frequency-independent interference-tolerant VLC link. The transmitter exploits the polarization property of light to transmit differential signals over adjacent channels, and the receiver utilizes differential amplification in conjunction with polarization to implement a common noise rejection technique. The implemented system demonstrated a 32.6% more robust VLC link compared to the conventional transceiver under severe optical interference.
Introduction
Leds are now replacing traditional lighting sources in a vast range of applications including indoor lights, street lights, traffic lights, information/warning lights and vehicle front/back lights. This fact, together with LEDs' ability to turn on and off at medium to high frequencies, has enabled visible light communication (VLC) not only for indoor communication systems but also for outdoor applications. Much work has already been done on VLC for indoor applications [1] - [3] , with VLC based indoor positioning [4] being an active research area in this domain. In outdoor environments, however, VLC still faces many challenges. Despite this, researchers are keen to find a reliable solution for utilizing VLC outdoors [5] - [7] . A promising area is the utilization of VLC to establish vehicle-tovehicle (V2V), infrastructure-to-vehicle (I2V) and vehicle-to-infrastructure (V2I) communication links to realize driver assistance applications in intelligent transportation systems (ITS). For example, VIDAS (a Portuguese government funded research project) demonstrated the feasibility of a VLC based communication link between LED traffic lights and vehicles up to a range of 50 m [8] .
Significant work has been done for improving the data rate and communication distance of a VLC link. However, very few works have been reported related to improving the robustness of optical links. The main challenge involved in establishing a robust VLC link is combating optical interference and receiver saturation, particularly for photodiode (PD) based receivers. A time domain reshuffling technique was proposed in [9] to alleviate inter symbol crosstalk (ISC) for orthogonal frequency division multiplexing (OFDM) based VLC systems, while [10] presented a time division duplex (TDD) method to reduce the reflection interference in a bi-directional VLC link. However, these works focused on interference produced by the transmitter itself or by its optical reflections. Recently, non-orthogonal multiple access (NOMA), which is a promising candidate for 5G wireless networks, was found feasible for adoption into VLC [11] , [12] . In NOMA, also known as power domain multiple access, multiple users are multiplexed in power domain using pre-coding at transmitter end and receiver utilizes successive interference cancellation (SIC) to decode the required information. SIC is performed to extract data for a specific user from a multiplexed transmitter signal. However, it does not cater for channel interference caused by other independent transmitters or background lights in the vicinity specifically having similar power spectral densities. Significant work has also been done to reduce interference produced by other optical sources by utilizing optical filters and lenses in VLC links [13] - [15] . Y. H. Kim [16] showed that use of a Fresnel lens at the receiver increases the signal-to-noise (SNR) ratio under foggy weather conditions. However evaluation of VLC link performance under the interference of bright optical sources, a challenging area, requires additional investigation. Previously, it was shown that by utilizing Manchester encoding [17] or OFDM [18] , the effect of optical interference produced by conventional fluorescent lights and ACpowered LEDs could be mitigated. However, the data rate considered was much higher than the optical interference frequency, and performance degradation was observed with spectral overlap between noise and data.
In this work, we propose and demonstrate a robust VLC transceiver architecture to establish a short-range interference-tolerant optical link, independent of the data and noise frequency. The transmitter utilizes the polarization property of light to transmit differential optical signals. The receiver employs differential amplification together with polarization to realize common optical noise rejection. The result is a low-BER robust optical link, even with both data and optical interference operating in similar frequency bands. This architecture also increases the probability of successful decoding of data by the receiver in case of partial channel blockage/PD saturation. The concept for utilization of polarization property of light for VLC is not new. It has been proposed before to realize low-pulse-rate VLC based indoor positioning eliminating the need of LEDs to act as transmitters [4] . However, to the best of our knowledge, this is the first work which utilizes polarization property of light to resist un-polarized optical interference in a VLC link.
The rest of this paper is outlined as follows. Section 2 describes the proposed system architecture. System model is defined in Section 3. Implementation details are presented in Section 4, and results are evaluated in Section 5. Finally, the paper is concluded in Section 6.
System Architecture
The proposed transceiver architecture incorporates differential data transmission and reception by exploiting the polarization property of light. The incoming binary data is first converted to differential form using an encoder and is transferred to two optical front ends, namely T×1 and T×2. T×1 and T×2 operate simultaneously in a complimentary way based upon differential data. If the data to be transmitted is a '1', T×1 is ON and T×2 is OFF; conversely, when the data to be transmitted is a '0', T×2 is ON and T×1 is OFF. Polarization of the emitted light is then performed using linear polarization filters. The system architecture is shown in Fig. 1 . 0°linear polarization is used for T×1/R×1 pair and 90°linear polarization is used for T×2/R×2 pair. This configuration exploits the polarization property of light such that light emitted by T×1 will only be received by R×1 and will be blocked by the linear polarizer of R×2 and vice versa. Differential amplification is carried out at the receiver end to reconstruct original data. Any unpolarized light in the vicinity will be considered as optical interference reaching R×1 and R×2 by approximately equal intensity that will be canceled out due to differential amplification employing common-mode noise rejection. Data reconstruction at receiver end strongly depends upon the degree of polarization (DOP) of the received light, that might change due to the atmospheric turbulence for long-distance transmissions. To investigate this phenomenon, experiments were conducted in an outdoor environment with a distance of 10 meters between the T ×/R× pair. Both the transmitters were turned on simultaneously during these experiments and no data was transmitted, since the purpose of these experiments was to evaluate the performance of polarization filtering. Images were taken at the receiver end by using Canon 1300D camera employing polarization filters. Negligible change in the DOP of the transmitted light was observed, after the receiver end polarization. Polarizers were able to allow or block the light successfully from the particular transmitters, as shown in Fig. 2 .
We could not increase the distance between T×/R× pair beyond 10 meters due to the limitations imposed by SNR of current transmitter. However, fluctuation in the DOP at kilometer-scale distances is still insignificant, as the largest fluctuation in a kilometer-scale optical link under strong turbulence is reported to be approximately 3° [19] . This change will have negligible effect on the performance of the system since the proposed architecture does not utilize state of polarization to transmit data, rather it is used to allow or block the light from particular transmitter to reach the receiver, which ultimately performs intensity based decoding. Therefore, a small change in DOP will have insignificant effect on the SNR of transmitted signal.
Change in DOP of light might be critical for long distance transmission, however, the current work focuses on short range line-of-sight communication conforming to IEEE standard 802.15.7 [20] . 
Transmitter
The transmitter architecture starts with the conversion of binary data into complementary data signals which are then distributed to two sub-transmitters T×1 and T×2. T×1 is composed of inphase data, whereas T×2 consists of 180°out-of-phase data with respect to the incoming binary data. Run length limited (RLL) code is employed to decrease the intra-frame flicker and maximize optical intensity by breaking the long runs of 1s and 0s and maintaining a DC balance at the output. Due to easier clock recovery at the receiver and inherent noise mitigation properties [17] , Manchester encoding is selected to impose length limitation on the transmitted data. The data is then modulated using on-off keying (OOK). This modulated data is then sent to the LED driver circuit of each T× module. The light emitted from LEDs is then polarized using polarizing filters. T×1 data is polarized using a 0°linear polarizer, while T×2 data is polarized using a 90°linear polarizer. The transmitter architecture is shown in Fig. 3. 
Receiver
The receiver circuit comprises two receiving front ends, R×1 and R×2, containing separate PDs. R×1 employs a 0°linear polarizer, while R×2 comprises a 90°linear polarizer. The phenomenon behind the polarization is that the 0°linearly polarized signal of T×1 will be totally blocked by the 90°linear polarizer of R×2. Similarly, the 90°linearly polarized signal of T×2 will be totally blocked by the 0°linear polarizer of R×1, regardless of the distance between the T×/R× pair. This architecture ensures that the PD of each receiver front end will only receive the light emitted by the corresponding transmitter front end for successful receiving of data. The varying output current of the PD is then converted to voltage using a transimpedance amplifier (TIA) and transmitted to a differential amplifier (DA). The DA amplifies the difference of the out-of-phase data received from both receiver front ends, thereby improving the SNR. Moreover, this DA architecture discards any un-polarized common optical interference sensed by both receiver front ends, making the system interference-tolerant. This DA based interference tolerant architecture makes the system independent of the frequency of the optical interference. The output of the DA is then sent to a comparator for digital conversion. The digital back end is responsible for clock recovery and data sampling. It is followed by the Manchester decoder/demodulator to retrieve the original binary data. The receiver architecture is shown in Fig. 4 .
The DA based transceiver architecture, together with the added benefits of polarization improves the receiver robustness as follows:
1) The receiver will successfully reject any common optical noise observed by both receiving front ends, making it a frequency-independent interference-tolerant system. 2) The receiver will be able to receive/decode data in a noisy channel environment even if one of the receiver front ends is partially/fully blocked or becomes saturated. 3) Receiver end polarization will minimize multi-path optical reflections reaching the PD. Moreover, it will also diminish the glare effect from multiple surfaces triggering PD saturation.
System Model
The proposed transceiver architecture is modeled under noisy channel conditions. Interference sources are categorized as both passive and active. Passive interference is a constant light source in the field-of-view (FoV) of the receiver. These could be one or more background light sources in the vicinity of the receiver that can have a combined effect towards receiver saturation. We model these combined interference sources as a constant DC value. Active interference is one or more VLC transmitters or AC LEDs operating in any frequency band (low-high) in the FoV of the receiver affecting the transmission channel. This active interference is modeled as white Gaussian noise (WGN). Let X represent the binary data to be transmitted over the channel. X i and X j represent in-phase and out-of-phase signals intensities of X respectively as received at the receiver end. By using Malus' law, the received signal at both the receiver front ends, represented by Y i and Y j , is given by (1) and (2) respectively:
where r θ represents the angle between polarization axes of T×1 and R×1. r ϑ represents the angle between polarization axes of T×2 and R×1. r φ represents the angle between polarization axes of T×1 and R×2. r ϕ represents the angle between polarization axes of T×2 and R×2. r Z x represents white Gaussian noise; and r a and b represent DC interference.
The output of the DA, represented by Y z , is given by (3): The values of θ, ϑ, φ and ϕ are 0°, 90°, 90°and 0°respectively. Moreover, it is assumed that both the receiver front ends undergo comparable noise levels resulting in
and
Then (4) becomes
This interference tolerant signal of (7) has the additional capability of channel independence. Since both X i and X j contain information of the original binary data, if either is partially or fully blocked, the receiver will still be able to successfully reconstruct the original data from the other.
System Implementation
The proposed VLC transceiver implementation conforms to IEEE standard 802.15.7 for short-range optical wireless communication using visible light, operating at PHY 1. The operating range of PHY 1 is 11.67 kb/s to 266.6 kb/s for high current and slow switching outdoor applications [20] . The system is implemented in a Xilinx Spartan 3A series field programmable gate array (FPGA). A pseudo-noise (PN) sequence with an eight-degree generator polynomial is generated to act as random binary data to be transmitted. This random data is then sent to the complementary data generator block, which transmits it over T×1 and its complementary data over T×2. In the next stage, Manchester encoding is implemented with the help of a simple state machine that runs at twice the clock rate of the data. These two Manchester encoded out-of-phase data streams are then transmitted to their respective daughter boards for OOK modulation and transmission. The two similar daughter boards consist of a 3x3 matrix of high bright white LEDs (Cree C503C) along with a driver transistor. The light emitted from the LEDs is then passed through respective polarizing filters for both channels.
The receiver implementation is carried out on a separate FPGA board connected with two front end receiver daughter boards through intermediate differential amplification circuitry, as shown in Fig. 5 .
The optical front end of the daughter boards contain an OPT series PD (OPT101) from Texas Instruments (TI) with a built in TIA. The light reaches the PD through a 0°linear polarizer for R×1 and 90°linear polarizer for R×2. The signal is then passed through a high pass filter (HPF) to filter out DC/low-frequency ambient interference. The filtered output is then sent to the intermediate circuit for differential amplification (LM324). After the differential amplification, level shifting (0 V/3.3 V) is carried out using a comparator (MAXIM 942 Series). Data is then sent to the FPGA board for decoding. The digital back end uses a 16 times faster receiver clock, than the optical frequency of the transmitter. When the rising edge of the start bit is received at the comparator output, a sampling clock is generated, by counting eight pulses of the receiver clock, to sample the comparator output once it becomes stable. Therefore, if the DA output is delayed, due to the difference in arrival times between the receiver pair, the comparator output and sampling clock will also be delayed accordingly. This technique of generating sampling clock will cater for any misalignment, occurring due to the difference in arrival times of the signals at the receiver pair, ensuring correct decoding. After sampling, Manchester decoding is performed with the help of a simple state machine to recover the transmitted data. The data is then transferred to a PC for further processing.
Experimental Setup and Results

Setup
Experiments were carried out in an indoor environment with a constant background illuminance of 313 lx, which we call ambient optical interference. The experimental configuration and setup are shown in Fig. 6 . The distance between the transmitter and the receiver is varied between 70 cm to 200 cm for different experiments. The PN sequence is repeated 15 times to generate 4 Kbits of random data clocked at 20 KHz. The data packet includes the start and stop byte for synchronization purposes.
Results
The first experiment was carried out without any external optical interference to evaluate the boundary conditions of the system. The effect of polarization filtering on transmission distance and illuminance is illustrated in BER plot of Fig. 7 . Without any external interference except the ambient optical noise, the transmission is error free up to a distance of 120 cm between the T×/R× pair. Increasing the distance beyond 120 cm intensifies the bit error rate (BER) due to the reduction in signal power caused by polarization filtering.
In order to evaluate the system performance under interference, two different environments were created. In the first scenario, a bright optical source is introduced in the channel to interfere with the signal. We call this passive interference since it is a continuous light source that does not transmit any data. The experimental setup and corresponding BER vs optical SNR curve are shown in Fig. 8 . First, we calculate the BER of the conventional VLC transceiver architecture composed of one Manchester encoded T×/R× pair without polarization filtering. The distance between the T×/R× pair is fixed to 80 cm. At this distance, the signal illuminance as measured at the receiver is 27 lx, and the ambient illuminance is 313 lx. The distance of the passive interference from the receiver is varied to evaluate the system performance under varying interference conditions. Next, we evaluate the improvement in performance using our proposed transceiver architecture under the same environmental conditions. At 80 cm distance, between the T×/R× pair mounted with polarization filters, the signal illuminance as measured at the receiver is 15 lx. This reduction in signal illuminance has an insignificant effect on the transmission distance; however, the same BER is achieved at a much lower optical SNR.
In Fig. 8(b) , the blue curve indicates the BER for the conventional VLC transceiver. Dotted lines represent saturation points indicating the SNR values at which the PD became saturated. The green curve depicts the BER for the proposed architecture, which was high near the saturation point if both the receivers were saturated or blocked by the interference. Moving away from the saturation point with increasing SNR resulted in an abrupt decrease in BER. The magenta curve demonstrates the special case of the proposed receiver architecture. In this case, either R×1 or R×2 became partially or fully saturated/blocked by the optical interference. The other receiver end maintained a clear line of sight (LOS) with the transmitter. Although the amplitude of the DA output was reduced in this case, the receiver was still able to accomplish error free decoding and maintain very low BER by adjusting the threshold level of the comparator. In the next scenario, a bright optical interference source which is also an active VLC transmitter, is introduced to the channel. We call this active interference since it is also transmitting data in a similar frequency band to our original data signal. The experimental configuration and corresponding BER vs optical SNR curve are shown in Fig. 9 . First, we perform the experiment using the conventional VLC transceiver without polarization filtering. The communication distance and signal illuminance is kept same as that of previous experiment. The active interference is transmitting random data at an optical frequency of 20 KHz, resulting in complete spectral overlap with the original data. For comparison, the experiment is repeated using the proposed VLC transceiver. A clear line of sight between the active interference and both the receiver ends is ensured, thereby enabling similar interference illuminance to reach the receivers. The green curve of Fig. 9(b) demonstrates effectiveness of the proposed architecture by achieving similar BER levels at a much lower optical SNR, when compared with the conventional transceiver architecture. Fig. 10 demonstrates the eye diagrams of the received signal. Fig. 10(a) shows the eye diagram for one symbol of the conventional Manchester encoded VLC transceiver operating in the absence of optical interference except for ambient light. One data bit is represented by a 50 us Manchester encoded pulse. The conventional Manchester encoded transceiver achieves a low BER without any external interference except for ambient light, as shown by the wide eye opening in Fig. 10(a) . However in the presence of active interference operating in a similar frequency band to the data, system performance degrades and the BER increases abruptly. A similar phenomenon is observed in the proposed transceiver architecture at the output of R×1 or R×2, as shown by the very narrow eye openings in the eye diagrams of R×1 and R×2 in Fig. 10(b) and (c) respectively, captured at an optical SNR of 0.37. However, this optical interference is negated by the DA employing commonmode noise rejection. The output of the DA is an interference-tolerant signal with a wider eye opening, as shown in the eye diagram of Fig. 10(d) . This results in the successful decoding of the data achieving a low BER even at a very low optical SNR thereby validating the proposed system model.
One of the promising applications of the proposed transceiver architecture is in ITS where it could be utilized to form a robust V2V optical link in noisy channel environments, where multiple interferences would be operating in various frequency bands. However, further investigation is required in this regard, as current work focuses only on mitigating interferences from un-polarized sources. One way to reduce interferences from polarized sources is to use multiple orthogonal linear polarizing filter pairs, instead of only 0°and 90°pair. However, detail deliberations are still required to validate the suggested scheme, which we plan to investigate in the future extension of this work. 
Conclusion
In this paper, a differential amplification based methodology for establishing an interference-tolerant VLC link utilizing linear polarization is proposed, modeled and implemented. The implemented system, conforming to the PHY 1 category of IEEE standard 802.15.7, is robust to both active and passive interference and achieves a BER of less than 10 −4 under intense optical interference reaching illuminance of 420 lx. The proposed architecture can tolerate 22.3% less SNR under passive interference and 32.6% less SNR under active interference, when compared with the conventional VLC transceiver, to maintain a BER of 10 −3 . The proposed architecture is independent of the operating frequency of data and optical interference and achieves a low BER with complete spectral overlap of interference with the data. The system was also able to successfully decode the data under total saturation/blockage of the partial receiver.
